Epigenetic, N-S, NNE-SSW quartz veins crosscut metapelites and metagabbro in Maru area. The objectives of this work were to study field, mineralogy, and geochemical characteristics of gold bearing quartz veins and soils. Euhedral and polygonal magnetite with hematite constituted the major ore minerals. Quartz occurred as main gangue phase with appreciable sericite and chlorite. The mineralogy of soil retrieved from twelve minor gold fields examined with X-ray diffraction is quartz ± albite ± microcline ± muscovite ± hornblende ± magnetite ± illite ± kaolinite ± halloysite ± smectite ± goethite ± vermiculite ± chlorite. The concentration of gold in quartz vein varies from 10.0 to 6280.0 ppb with appreciable Pb (3.5-157.0 ppm) and ΣREE (3.6 to 82.9 ppm). Gold content in soil varies from < 5.0 to 5700.0 ppb. The soil is characterized by As ± Sb gold's pathfinder geochemical association. Multidata set analysis revealed most favourable areas for gold. Possibility of magmatic fluids as part of ore constituents is feasible due to presence of several intrusions close to quartz veins. Based on field, mineralogical, and geochemical evidences, ore fluids may have been derived from fracturing, metamorphic dewatering, crustal devolatilization of sedimentary, gabbroic protoliths, and emplaced in an orogenic setting.
Introduction
Precambrian rocks within and around Maru Schist belt host some quartz veins that are gold bearing. The gold deposits were heavily mined during the colonial era approximately before 1960 and after that period by artisanal miners. General descriptive information on gold mineralization in Maru schist belt has been documented [1] [2] [3] . Gold occurs primarily in quartz veins and as placers in soil (eluvial) and stream sediments (alluvial). The quartz veins containing gold occur in association with metamorphosed rocks ranging in composition from semipelitic to pelitic and mafic. Primary gold mineralization produced chemical signature in the overburden and surrounding soil probably through weathering processes. Weathering processes provide samples (soils and stream sediments) that yield data on local hidden mineralization or on the potential existence of major or minor mineralization in a wide region. The residual soil is the geochemical sample that is often used to detect the location of hidden mineralization once a zone of economic interest is localized [4] . Migration of groundwater provided chemical response at the surface. This process produces elemental dispersion pattern [5] . Most of these dispersed elements (e.g., Cu, Ag, Zn, Cd, As, Bi, Pb, Sb, Hg, W, Mo. and Se) are useful indicators or pathfinders for the presence of gold [6, 7] . Analyses of samples taken enable the observation of patterns and concentrations in the distribution of metals in the soil which would potentially indicate enriched rock underneath.
This research examined field characteristics, mineralogical and geochemical composition of gold bearing quartz veins and soils and used the aforementioned to establish prospectivity prediction models that indicate ranking of areas 2 Journal of Geological Research with potential gold mineralization. This is with the overall aim of using the data to discover the extension of the minor gold field vertically or laterally and assess their prospects. The possible origin of the gold bearing fluid was inferred.
Regional Geological Setting
Maru schist belt is a portion of basement complex of Northwestern Nigeria. It is one of the low grade, upper proterozoic, metasedimentary dominated, and metavolcanic with intrusive igneous rocks schist belt in Western Nigeria [8] . It is bounded to the East by Wonaka schist belt and to the West by Anka schist belt. The schist belts trend N-S and have been infolded into the migmatite-gneiss-quartzite complex. This complex constitutes the predominant rock group in the basement of Eburnean (about 2000 Ma) to Liberian (ca 2800 Ma) age [9] .
Maru schist belt lies Northeast of the Kushaka schist belt with both having similar lithological assemblages and is approximately 200 km long and 12-19 km wide. It is linear super crustal remnants in the polycyclic basement complex of Nigeria. The contact between the schist belt and the gneiss-migmatite complex, are conformable but are locally migmatised around intrusive granitic plutons. The Maru schist belt consists predominantly of pelitic to semipelitic metasedimentary with subordinate interlayered psammites, banded iron formation (BIF) and amphibolites. All the rocks strike approximately North-South, parallel to the structural grain of the surrounding basement complex [10] . The entire Maru belt has been differentiated into Eastern and Western units [11] . While the Eastern unit consists of pelites with locally dominant quartzite and iron formations, the Western unit is almost entirely made up of pelites.
The fine-grained laminated sediments, both pelites and iron formation, indicate quiet water conditions; the predominance of iron oxides suggests oxygenated waters, although sometimes pyrite occurs, indicating anoxic conditions. Metasandstones were deposited in a higher energy environment, reflecting shallow water or increased sediment supply. The Maru schist belt contains internal plutons of granite, granodiorite, diorite, tonalite, and syenites ( Figure 1) .
The structure of the study area has imprints of the entire northwestern Nigerian Basement Complex which have passed through a minimum of two episodes (polyphase) of deformation [12, 13] . Three deformation episodes (D 1 , D 2 , and D 3 ) were recognized in the area investigated. The second deformation episode (D 2 ) is the major phase. The first (D 1 ) and third (D 3 ) deformational episodes are generally less common. The first deformation episode (D 1 ) produced first axial planar foliation (S 1 ) and first fold phase (F 1 ). The second deformation episode gave rise to S 2 and F 2 second axial planar foliation and fold phase, respectively. The third deformation episode (D 3 ) resulted from S 3 and F 3 third axial planar foliation and fold phase, respectively. Several strike slip faults have been mapped within Maru schist belt.
The quartz veins were hosted by metapelites (slate, phyllite and schist) with metagabbro. Slate and phyllite occur as low lying highly fissile rocks with diagnostic slaty and phyllitic cleavages, respectively. Schist occurs as low lying rocks with N-S trending, moderately to steeply dipping schistose planes. The metapelites displayed lepidoblastic texture. These rocks experienced low grade green schist regional metamorphism [14] . Metagabbro are porphyroblastic and have been metamorphosed to epidote amphibolite facies conditions [15] .
Materials and Methods
Quartz veins were collected as grab samples with the use of geological hammer during structural and lithological mapping of the study area. Soil samples from B horizon (0.50-1.0 metre) were collected within the Maru schist belt and other selected parts of the study area at twelve small gold fields established by artisanal miners and local mining companies after various reconnaissance surveys. The soils were excavated with the use of stainless steel hand auger and collected directly into a polythene bag.
About one kg of soil sample was collected from each location. A total of eighteen samples were collected. The geographic coordinates of all the sampling points were determined with a Garmin global positioning system.
All the soil samples were allowed to pass through 200 m sieve and their mineralogy subsequently was examined with the use of X-ray diffraction (XRD) technique. A Philips diffractometer PW 3710 (40 Kv, 30 mA) with Cu k radiation, equipped with a fixed divergence silt and a secondary graphite monochromator, was used for X-ray diffraction. Whole rock powder samples were scanned with a step size of 0.02 ∘ 2 theta ( ) and counting time of 0.5 second per step over a measuring range of 2 to 65 ∘ 2 theta ( ). X pert plus software (Philips) was used to identify the crystalline phases. Thin sections and polished slides were prepared from gold bearing quartz veins and studied under petrological microscope.
Gold bearing quartz veins and soils samples were crushed, sieved, pulverised with hardened steel, and allowed to pass through 75 m. Thereafter, major oxide and some trace elements concentration of majority of gold bearing quartz veins collected were analysed with two wave length dispersive X ray fluorescence spectrometers (PW 1480 and PW 2400). Four quartz veins identified to contain visible gold grains were selected and analysed for gold, trace, and rare earth elements with inductively coupled plasma mass spectroscopy (ICP-MS) method. The samples were initially decomposed with HCL, HNO 3 , HCLO 4 , and HF acids in order to achieve near total digestion. The procedure followed is contained in [22] . The quartz veins that contain visible gold grains were subsequently assayed with fire assay and instrumental neutron activation analysis (INNA) in order to quantitatively determine the concentration of gold traced to international reference standards as documented in [23] . Twelve soil samples that represent each small minor gold field were analysed with instrumental neutron activation analysis (INAA) equipment for Au (gold) and twenty-two (22) elements.
Thin section preparation, X-ray diffractometry, and wavelength dispersive X ray fluorescence spectrometry were undertaken in the laboratory of Federal Institute for Geosciences and Natural Resources, Hannover, Germany. The polished section was carried out at Department of Geology, University of Cologne, Germany. Inductively coupled plasma-mass spectroscopy (ICP-MS) and fire assay and instrumental neutron activation analysis (INNA) were carried out at Activation Laboratory Ltd, Ancaster, Ontario, Canada.
Results and Discussion

Occurrence and Mineralogy of Gold Bearing Quartz Veins.
Gold bearing quartz veins crosscut metapelites (slate, phyllite with schist) and metagabbro in the study area (Figure 2 Euhedral and polygonal magnetite with hematite were observed ( Figure 3(a) ) in the quartz veins. The replacement of magnetite by hematite due to oxidation (martitization) was clearly visible. The grey-brownish colour represents magnetite being replaced by hematite (bright white) ( Figure 3(b) ). The main gauge mineral in the quartz vein consists of exclusively xenomorphic quartz crystals (more than 98% in modal composition), occurring in almost equal grain sizes (equigranular). The quartz crystals that show undulatory extinction are aligned and this is due to tectonic stress. The alignment of quartz crystals also indicates deformation within a shear zone. Flaky chlorite displaying cleavage and Figure 4 summarises the mineral paragenesis of the quartz vein containing gold. The sequence comprises initial host rock formation which latter experienced fracturing. This was subsequently followed by introduction of hydrothermal mineralizing fluid composing of quartz, gold, and magnetite. Hematite replaced magnetite. Some primary minerals in the quartz veins were later altered to chlorite and sericite. Remarkable development of quartz, sericite, and chlorite alteration minerals in the quartz veins confirms that silicification, sericitization, and chlorization processes are associated with gold mineralization.
Mineralogy of Gold Bearing Soils.
Eluvial gold occurs within Maru schist belt in some locations called minor gold fields and has been recovered by artisanal miners through excavation of several pits of various dimensions and depths. The soil rich in gold was panned and washed and lighter fractions were removed until heavy minerals with gold grains remained. The gold grains were separated from the heavy mineral concentrates manually. The soils were retrieved from Tuniya, Yar Kaura, Sado, Mayowa, Maru, Atakar, Hanudezoma, Gwar Gawo, Kadaure, Ferri Ruwa, Dangowa, and Soro Kudi minor gold fields ( Figure 5 ).
The summary of the mineralogical composition of the soil sample is presented in Table 1 . Residual weathering of rocks that underlain the study area resulted into soil formation and this is reflected in its mineralogy. Weathering facilitated the dispersion of the geological materials containing primary gold mineralization. The major mineralogical constituent in all the soil samples examined is quartz. There is no distinct pattern in the mineralogical composition of the minor and trace constituents. Lesser amount of albite, microcline, muscovite, hornblende, magnetite, clay minerals (illite, kaolinite, halloysite, smectite, goethite, vermiculite and chlorite) are present. The sources of albite are dominantly from the weathering of amphibolite, tonalite, diorite, and granodiorite that intruded Maru schist belt. Granite, migmatitic gneiss, and granite gneiss weathering liberated microcline. The origins of the clay minerals and muscovite are from the metasediments metamorphosed into metapelites (slate, phyllite, and schist) of the Maru schist belt [24] . Some of the soil samples contain hornblende as minor and trace constituents. The source of hornblende from the soil sample in Maru field is from amphibolite contained within the Maru schist belt. At Sado field, hornblende in form of riebeckite occurs as minor phase and the source is the host lithology (metagabbro) [25] . Weathering of the metasediments released significant quantity of biotite that was later altered into chlorite. Hematite occurs as trace constituent in soil sample from Maru and Hanudezoma fields and the origin is from the banded iron formation from Maraba hill within Maru schist belt [10, 26] ).
Geochemistry of Gold Bearing Quartz Veins.
The whole rock geochemical composition of quartz vein obtained with X-ray fluorescence method of analysis is contained in Table 2 . The results of gold bearing quartz veins analysed with fire assay and instrumental neutron activation analysis are contained in Table 3 . The concentration of gold varies from 10 to 6280 ppb and exceeded the background (5 ppb) and Clarke's concentration (4 ppb) in unmineralized materials in all the quartz veins. This signifies that the quartz veins are mineralized with gold. Samples O6 (10 ppb of gold) and O8 (12 ppb of gold) were recovered from the quartz veins that outcropped on the surface south of Maraya and west of River Ferri Ruwa, respectively. Samples O7 (6280 ppb of gold) and O10 (39 ppb) were retrieved from approximately 23.4 metres and 10.40 metres, respectively, from the existing surface. This implies that higher gold ore grade can be obtained from the subsurface (Figure 1 ). The concentration of gold in sample O7 (6280 ppb of gold) exceeded the minimum value (2000 ppb) to qualify as an ore. Economic occurrence of gold generally consists of very small amounts of dispersed gold or gold-silver alloys. Even in the well-known ore of the Witwatersrand in South Africa, the average concentration of gold is only about 16000 ppb [27] .
The results of gold bearing quartz veins analysed with inductively coupled plasma mass spectrometry method are 
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Trace element (ppm) ↓ As Figure 6 illustrates the chondrite normalized plots of rare earth element [16] [17] . The diagram was used to differentiate between submarine hydrothermal and hydrogenous deposits. The data plotted indicate that the quartz veins bearing gold are of hydrothermal origin (Figure 7 ).
Geochemistry of Gold Bearing Soils.
The results of soils analysed with instrumental neutron activation analysis (INAA) for the concentration of gold and selected major oxides and trace elements are contained in Table 5 . The Fe 2 O 3 content varies widely and comprise from 0.85 to 11.20 wt%. The concentration of Na 2 O (<0.50 to 1.64 wt%) is generally low.
As content (<2 to 700 ppm) is noteworthy. Some of the soils are enriched in the following gold path finder elements: Sb (<2 to 12.7 ppm), W (<4 to 19 ppm), and Mo (<5 to 17 ppm). The concentration of the following lithophile elements: Ba (300-1100 ppm), Cs (2-385 ppm), Hf (5-16 ppm), Sc (2.4-37.1 ppm), Th (1.1-15.5 ppm),and U (<0.50-6.4 ppm) is remarkable. Co content ranges from <5 to 237 ppm. The summation of rare earth element varies from 56.66 ppm to 305.53 ppm and is notable. The concentration of gold ranges from <5 to 5700 ppb ( Table 5 ). The gold content in the soil samples from Gwar Gawo (5700 ppb) and Kadaure (2850 ppb) exceeded the minimum value of gold in a geomaterial (2000 ppb) that makes them to qualify as ores ( [21] ; Table 6 ). The gold content of soils from Tuniya (16 ppb and Dangowa (27 ppb) exceeded its background values. This is a positive geochemical anomaly that indicates vertical or lateral proximity to higher grade of gold deposit. Most soil samples that have high gold content equally recorded high arsenic concentration (Figure 8 ). This implies that the gold occurrence or deposit is associated with arsenic (As) and could be utilized as an effective geochemical parameter to explore for gold in the study area. The concentration of antimony (Sb) (<0.20 to 12.70 ppm] is above the one in unmineralized materials (1 ppm) in most of the soils analysed. Antimony is known to associate with gold deposit, and high Sb content (12.70 ppm) of Soro Kudi field could imply proximity to gold mineralization [28] . The concentration of Hf (5 to 16 ppm) and barium (300 to 1100 ppm) exceeded its crustal abundances in all the soil Sample/REE chondrite S1 S2 S3 S4 S5 S6 S7 S9 S10 S11 S12 S13 Figure 11 : Chondrite normalized plots of rare earth element (REE) [16] Figure 11 illustrates chondrite normalized plots of rare earth element (REE) [16] positive anomalies for Ce (S6 and S3), Eu (S4 and S5) with Lu (S9 and S5). The soils displayed pronounced negative Pr and Nd anomalies. Significant gold anomalies in soil occur at Gwar Gawo (5700 ppb), Kadaure (2850 ppb), and Mayowa (266 ppb) ( Figure 12 ). Concentration of arsenic (As) in soil (ppm) Field and petrographic evidences at Maru schist belt area indicate the occurrence of gold bearing quartz veins and soils within sealed fractures hosted by slate, phyllite, schist, and metagabbro. Several granitic, granodioritic, tonalitic, dioritic and syenitic intrusions close to the quartz veins and minor gold field soils were observed (Figures 12 and 13) . Similar observation was discovered at Bini Yauri and [29] suggested that magmatic fluid or recirculated groundwater may be part of the ore constituents at some stage of vein evolution and accompanied alteration. There are very few auriferous Archean greenstone belts or productive Phanerozoic orogens that contain gold provinces without nearby intrusions of roughly the same age. Whether or not any of these igneous bodies are the source of fluids and metals that become a part of the gold-forming systems is often a highly debated issue; the other obvious scenario is that both melts and fluids may be products of the same deep-crustal or even mantlegenerated, thermal event [30] .
Anomalous gold content in soil occurs close to syenite plutons in Gwar Gawo (5700 ppb) and Mayowa (266 ppb) minor gold fields (Figure 12 ). This suggests the possibility of magmatism as the source of mineralizing fluids. Dangorowa, Tuniya, Kadaure, and Mayowa minor gold fields are closely associated with ferruginous quartzites. Soro Kudi field is situated on the contact boundary between granodiorite, granite, diorite, and tonalite complex within Maru schist belt. The proximity of strike-slip faults to Atakar, Dangorowa, Ferri Ruwa and Mayowa is noteworthy and could have served as the conduit for gold mineralizing fluid ( Figure 13 and [31] . A multidataset analysis of selected parts of the study area provided useful information and metallogenic models that can assist in gold exploration and recovery [32, 33] . Figures  12 and 13 show the application of gold mineralization model criteria that integrated digital geochemical (gold and arsenic concentration in quartz veins and soils) and strike slip fault data. Areas favourable or that indicate gold mineralization are identified on the basis of combination of the various elements of the model in the following decreasing order of weightings: gold in quartz vein, gold in soil, concentration of arsenic in quartz vein with soil, level of antimony in soil and proximity to fault. Based on the aforementioned criteria, the prospectivity of the minor gold field ranking in decreasing order is Kadaure > Sado > Mayowa > Hanudezoma > Ferri Ruwa > Gwar Gawo > Dangowa > Tuniya > Soro Kudi > Atakar. Yar Kaura and Maru fields displayed the least geochemical and structural criteria used in prospectivity ranking (Figures 12 and 13 ).
Conclusions
Based on field, petrographic, and geochemical evidences, the ore fluid may have been derived largely from fracturing, metamorphic dewatering [29] and crustal devolatilization [30] of sedimentary and gabbroic protolith of the host rocks. Isotopic studies of fluid components of the quartz veins will further confirm the propose origin.
The emplacement of the quartz vein is associated with D 2 deformation as indicated by similarity in the generalized strike direction of quartz vein and host rocks. It postdates regional metamorphism and fracturing. These structural settings suggest that the emplacement of gold mineralization occurred during Late Pan African orogeny [34] . Appreciable As signature further confirms that the quartz veins were formed in an orogenic setting [35] . Eluvial gold occurrence resulted from residual weathering of gold bearing quartz veins.
